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TRACK AND CAPTURE OF THE ORBITER WITH THE 
SPACE STAT1 ON REMOTE MANIPULATOR SYSTEM 
SUMMARY 
Resu l t s  o f  t he  f i r s t  study using the  rea l - t ime,  man-in-the-loop Systems 
E n g i n e e r i n g  Simulator  (SES) fo r  t rack  and capture o f  t h e  Space S h u t t l e  O r b i t e r  
w i t h  t h e  Space S t a t i o n  manipulator a re  presented. Object ives o f  t h i s  study 
i nc lude  eva lua t i on  of  t he  operat ional  coord ina t ion  requ i red  between t h e  O r b i t e r  
p i l o t  and t h e  Space Stat ion.  manipulator operator,  eva lua t i on  o f  the  l o c a t i o n s  
and requi  r e d  number of c l  osed-ci rcu i  t t e l e v i s i o n  cameras, and eval u a t i  on of t he  
O r b i t e r  grapple f i x t u r e  clearance geometry. The SES i s  a premium q u a l i t y  
rea l - t ime  f a c i l i t y  w i t h  f u l l  f i d e l i t y  O r b i t e r  and Space S t a t i o n  crew 
workstat ions and cockpi ts .  
INTRODUCTION 
Fundamental t o  the  combined operat ions o f  t h e  Space S h u t t l e  and the  Space 
S t a t i o n  i s  t h e  method o f  phys i ca l l y  l i n k i n g  t h e  two spacecraf t  wh i l e  on o r b i t .  
The t r a d i t i o n a l  technique f o r  t h i s  operat ion i s  t o  dock an a c t i v e  veh ic le  w i t h  
a pass ive t a r g e t  and has been used success fu l l y  f o r  t h e  Gemini, Apol lo ,  Apo l lo /  
Soyuz, and Skylab programs. To s e t  up a docking maneuver, the  a c t i v e  v e h i c l e  
i s  p u t  on an i n t e r c e p t  course w i t h  t h e  a t t i t u d e - s t a b i l i z e d  t a r g e t  and then the  
r e l a t i v e  c l o s u r e  r a t e  i s  reduced by  a s e r i e s  o f  t h r u s t s  f rom t h e  a c t i v e  
v e h i c l e ' s  React ion Control  System (RCS) j e t s .  The i n t e r c e p t  i s  assured by 
main ta in ing  a near-zero i n e r t i a l  l i n e  of s i g h t  r a t e  between the  spacecraf t .  
Contact or "docking" t y p i c a l l y  occurs a t  a r a t e  of .1 t o  . 2  f t / sec .  Whi e t h i s  
i s  a p roven  technique, i t  does tend t o  contaminate t h e  t a r g e t  veh ic le  w t h  the  
exhaust  gases o f  t h e  j e t s  and a lso requ i res  t h e  phys ica l  con tac t  mechan sms t o  
be r a t h e r  robust i n  order t o  d i ss ipa te  the  contac t  energy. With the  f l i g h t  
experience t h a t  has been accumulated w i t h  t h e  Space S h u t t l e  Remote Manipulator  
System i n  the  t rack,  capture, and be r th ing  of s a t e l l i t e s  such as SPAS,  Solar  
Max, and others,  cons idera t ion  can be given t o  t h e  use o f  a remote manipulator  
f o r  t h e  t r a c k ,  capture, and ber th ing  o f  the O r b i t e r  t o  t he  Space Sta t ion .  The 
much l a r g e r  inasses o f  t h e  Orb i te r  and Space S t a t i o n  r e l a t i v e  t o  prev ious 
expzr ience as we1 1 as  crew sa fe ty  considerat ions i n d i c a t e  t h a t  f u t u r e  ex tens ive  
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e f f o r t s  a re  requ i red  i n  t h e  analys is  and des ign of sa fe ty  f a c t o r s  and f a u l t  
t o l e r a n t  systems before t h i s  technique can be deemed feas ib le .  The e f f o r t  
repor ted he re in  i s  on ly  t h e  f i r s t  step. 
SYSTEMS ENGINEERING SIMULATOR 
The Systems Engineer ing Simulator (SES)  has been used f o r  t he  design, 
development , procedures v e r i f i c a t i o n ,  and fl i g h t  support o f  manned spacecra f t  
systems s ince  1963 ( re ference 1). Present ly,  t h e  SES ( f i g u r e  1) inc ludes  the  
fol  1 owing f a c i  1 i t  i es: 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
F i v e  SEL 32/8780 supermini d i g i t a l  computers 
Seven SEL 32/75 supermini d i  g i  t a l  computers 
Three vec tor  graphics systems ( t o  s imu la te  t h e  O r b i t e r  CRT's) 
Two e l e c t r o n i c  scene generators 
One Cyber 840 d i g i t a l  computer 
One LMI symbol i cs processor 
O r b i t e r  forward s t a t i o n  
O r b i t e r  a f t  s t a t i o n  
Space S t a t i o n  crew command module 
Manned maneuvering u n i t  s t a t i o n  
The r e a l - t i m e  s imu la t i on  can be exercised fo r  as many as s i x  o r b i t i n g  bodies, 
each w i t h  i t s  own unique dynamics. Any combination of these s i x  bodies can be 
l i n k e d  o r  separated w i t h  f u l l  dynamic f i d e l i t y .  A f l e x i b l e  Remote Han ipu la to r  
System (RMS) i s  inc luded t h a t  has 14 modes which are  reduced t o  5 opera t ing  
modes w i t h  cu to f f  of a l l  modes above 10 hz. The manipulator  c u r r e n t l y  prop-osed 
f o r  t h e  Space S t a t i o n  i s  made up o f  seven revo lu te  j o i n t s  wh i l e  the S h u t t l e  RMS 
cons is ts  o f  s i x .  Der i va t i on  and coding of a gener ic  manipulator  model t h a t  can 
accommodate both k inds of manipulators i n  the  SES i s  underway bu t  was not  
a v a i l a b l e  t o  support t h i s  analysis.  Instead, the  s i x - j o i n t  Shu t t l e  RMS model 
was a t tached  t o  the  Space S t a t i o n  dual keel  model ( re fe rence 2 ) .  Thus, these 
r e s u l t s  should be considered pre l im inary  i n  nature.  
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Previous ana lys is  on t h e  SES (reference 3 )  addressed t h e  t rack  and capture 
o f  t h e  Space S ta t i on  us ing  t h e  Shut t le  RMS ( f i g u r e  2, re ference 4 ) .  This 
e f f o r t  demonstrated t h e  procedural  f e a s i b i l i t y  of us ing  a manipulator  t o  n u l l  
t h e  r e l a t i v e  motion o f  t he  two spacecraft. An e f f o r t  has begun t o  determine 
s p e c i f i c  upgrades t o  t h e  S h u t t l e  RMS requ i red  t o  support Space S t a t i o n  assembly 
and operat ions.  I n  general, r e t r o f i t  upgrades o f  operat ional  f l i g h t  systems 
a r e  v e r y  expensive t o  implement. Since the  Space S t a t i o n  and i t s  man ipu la to r  
( f i g u r e  3 ,  reference 5 )  a re  i n  t h e i r  i n i t i a l  design phases, an o v e r a l l  cos t  
advantage may be i d e n t i f i e d - - i f  t h e  t r a c k ,  c a p t u r e ,  and b e r t h i n g  can be  
accomplished s o l e l y  by t h e  S t a t i o n  manipulator. 
TRACK AND CAPTURE STUDY OBJECTIVES 
The p r i m a r y  o b j e c t i v e  of t h i s  study was t o  determine i f  the  Space S t a t i o n  
man ipu la to r  could be used t o  t rack  and capture t h e  O r b i t e r  on an i n t e r c e p t  
t r a j e c t o r y  ( a  slow c o l l i s i o n  course). This inc ludes  an assessment o f  the  
procedures and problems o f  operat ing two separate crew work s ta t i ons - - the  
O r b i t e r  a f t  s t a t i o n  and t h e  Space S t a t i o n  man ipu la to r  workstat ion.  .41so, 
de termina t ion  o f  Closed-Ci r c u i t  Te lev is ion  (CCTV) camera l oca t i ons  and v iewing  
requi  rements were t o  be eval  uated as were grapple f i x t u r e  clearance geometries 
and the  Orbi ter /Space S t a t i o n  c losure speeds. 
CREW STATION CONFIGURATIONS 
The O r b i t e r  a f t  cockp i t  Has used w i t h  t h e  p i l o t  observing t h e  s t a t i o n  
t h r o u g h  t h e  overhead windows. Displays used by t h e  O r b i t e r  p i l o t  inc luded the  
O r b i t e r  payload bay CCTV and the  Universal  P o i n t i n g  d i s p l a y  page on t h e  Cathode 
Ray Tube (CRT) from the  O r b i t e r  General Purpose Computers. The p i l o t  a l s o  used 
a Lase r  Ranging d i sp lay  page tha t  was developed t o  prov ide  the  crew w i t h  
p r e c i s e  range, range r a t e ,  azimuth and e leva t i on  angles and rates.  The l a s e r  
model was considered t o  be on the  Orb i te r  w i t h  r e f l e c t o r s  on the Space S ta t i on .  
Contro ls  used by the p i l o t  inc luded the  t r a n s l a t i o n  hand c o n t r o l l e r ,  D i g i t a l  
Auto-Pi l o t  (DAP) se lec t i on  switches and the O r b i t e r  CCTV con t ro l s .  
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The Space S t a t i o n  crew Control  s t a t i o n  ( f i g u r e  4 )  was conf igured  p r i o r  t o  
phase B i n  1984, based on t h e  best a v a i l a b l e  i n fo rma t ion  a t  t h a t  t ime. The 
con f igu ra t i on  used inc luded RMS-type three-degrees-of-freedom hand c o n t r o l l e r s ,  
two Space S t a t i o n  CCTV monitors,  and four  13 i n c h  c o l o r  CRT's equipped w i t h  a 
t o u c h  i n p u t  t h a t  i n t e r f a c e  w i th  the Space S t a t i o n  da ta  management system. The 
d i sp lay  pages i n  t h e  Space S t a t i o n  prov ide  d i sp lay  and c o n t r o l s  ( s o f t  switches) 
f o r  t h e  a t t i t u d e  con t ro l  system, RMS t ranspor te r  system, CCTV, RMS data and 
moding, RMS e r r o r  detect ion,  and end e f f e c t o r  con t ro l s .  The RMS CRT d i s p l a y  and 
c o n t r o l  parameters used i n  the  Space S t a t i o n  are  e s s e n t i a l l y  t h e  same as used 
on t h e  O r b i t e r  RMS dedicated and CRT d i sp lay  and con t ro l s .  
TEST CASE EXECUTION 
Two sessions o f  3 1 / 2  h rs  each were scheduled per  week f o r  11 weeks on t h e  
SES. Four t e s t  runs were t y p i c a l l y  executed du r ing  each session. I n i t i a l  
c o n d i t i o n s  used i n  the  study were based on a nominal or a +/- 1 sigma s t a t e  
v e c t o r  t o  p rov ide  the  p i l o t  and RMS operator  some v a r i e t y .  The t e s t  case was 
terminated a t  the  t ime o f  the  Orb i te r  capture. Test case run t imes var ied  
between 15 and 20 min w i t h  15  being t y p i c a l .  
APPROACH TRAJECTORIES 
F o r  t r a c k  and capture or docking s tud ies,  t he  i n t i a l  cond i t i ons  of t he  
r e l a t i v e  mot ion between t h e  Shut t le  and Space S t a t i o n  can be assumed t o  be 
those achieved by standard rendezvous operat ions.  Typica l  l y ,  t h e  spacecra f t  
a r e  separa ted  by a few hundred fee t  and have a zero r e l a t i v e  motion. From 
t h e s e  s t a b l e  i n i t i a l  cond i t ions ,  the S h u t t l e  i s  pu t  on a slow i n t e r c e p t  course 
w i t h  t h e  b e r t h i n g  and d o c k i n g  p o r t  and i s  k e p t  on t h i s  t r a j e c t o r y  w h i l e  
ma in ta in ing  constant a t t i t u d e  and brak ing  by t h e  R C S  j e t s .  Among t h e  many 
cond i t i ons  and var iab les  t h a t  must be considered i n  p lann ing  these operat ions 
a r e  t h e  contaminat ion and torques imparted on the  Space S t a t i o n  by the  S h u t t l e  
j e t s .  Other s e n s i t i v e  parameters inc lude mechanical clearances, f ue l  usage, 
and abor t  t r a j e c t o r y  planning. Three t r a j e c t o r i e s  under cons idera t ion  f o r  
S h u t t l e  approach t o  t h e  Space Stat ion are approach along the  o r b i t  v e l o c i t y  
v e c t o r  (V-bar ) ,  approach along t h e  l i n e  connect ing t h e  center  o f  e a r t h  and thp  
S t a t i o n  (R-bar), and approach along a minimum t h r u s t  curve 
4 
def ined by o r b i t a l  mechanics (guided V-bar). These th ree  t r a j e c t o r i e s  a r e  
shown i n  a r a l a t i v e  mot ion p l o t  us ing  l o c a l  v e r t i c a l  t a r g e t  centered 
coord inates ( f i g u r e  5 ) .  Each t r a j e c t o r y  Offers advantages and d i  sadvantages 
and t h e  pe r fo rmance  o f  a l l  a r e  s e n s i t i v e  t o  t h e  Space S t a t i o n  g e o m e t r i c  
conf igura t ion .  A t  the  t ime o f  t h i s  t r a c k  and capture study, the  R-bar approach 
e x h i b i t e d  c learance problems w i t h  the dual keel  c o n f i g u r a t i o n  and t h e  guided 
V-bar approach requ i red  non-standard opera t iona l  ru les .  Thus, f o r  t h i s  study, 
t he  V-bar approach t r a j e c t o r y  was used. 
ORBITER PROCEDURES 
Study runs were begun w i t h  the O r b i t e r  about 100 f t  r e l a t i v e  range i n  
f r o n t  o f  t h e  Space S ta t i on  w i th  a 0 c losure  ra te ,  t o  represent  t h e  f i n a l  phase 
o f  a V-bar approach. The O r b i t e r  p i l o t  turned on t h e  l a s e r  and se lec ted  t h e  CRT 
d i s p l a y s  t o  begin the  f i n a l  approach. The O r b i t e r  began w i t h  t h e  ve rn ie r  RCS 
j e t s  se lec ted  and t h e  O r b i t e r  DAP i n  t he  Local V e r t i c a l  Local Hor izon ta l  (LVLH) 
a t t i t u d e  h o l d  mode. The ve rn ie r  j e t s  produce 24 l b f  and were se lec ted  t o  
m i n i m i z e  t h e  plume impingement e f fec ts  when h o l d i n g  a t t i t u d e .  The p i l o t  se t  up 
t h e  d e s i r e d  O r b i t e r  DAP con f igu ra t i on  o f  LVLH w i t h  t r a n s l a t i o n  i n  pu lse  mode, 
sw i tched t o  t h e  pr imary RCS j e t s  and i n i t i a t e d  a c l o s i n g  r a t e  t o  move toward 
t h e  s t a t i o n .  The O r b i t e r  DAP commands s p e c i f i e d  R C S  p u l s e s  f o r  p r e c i s e  
t r a n s l a t i o n  c o n t r o l  i n  t h e  pu lse  ra te  mode. The pr imary j e t s  produce 870 l b f  o f  
t h r u s t  and are used f o r  c o n t r o l l i n g  the  c l o s i n g  r a t e  and veh ic le  pa th  du r ing  
t h e  approach. The p i l o t  switched back t o  t h e  v e r n i e r  j e t s  and repeated t h i s  
p rocess  as necessary t o  c o n t r o l  the c l o s i n g  r a t e  and reboost t h e  O r b i t e r  when 
i t  dropped below t h e  des i red  approach. The O r b i t e r  p i l o t  f lew t h e  veh ic le  
t o w a r d  t h e  s t a t i o n  u n t i l  t h e  grapple f i x t u r e  cou ld  be reached by t h e  s t a t i o n  
RMS and t h e  des i red  c losu re  r a t e  a t  capture o f  ; i t he r  0.1 o r  0.05 f t l s e c  was 
se t  up. J u s t  p r i o r  t o  i n i t i a t i n g  capture the  DAP was switched t o  f r e e  d r i f t .  
SPACE STATION PROCEDURES 
The Space S ta t i on  DAP was i n  the LVLH ho ld  mode a t  the  s t a r t  o f  t h e  run. 
The o p e r a t o r  se t  up the  C C T Y  sys tem t o  moni tor  t h e  O r b i t e r  approach. The 
o p e r a t o r  se lec ted  the RMS Space Sta t ion  mode t o  inaneuver the RMS i n t o  p o s i t i o n  
f o r  t h e  capture. This  R Y S  mode provided the  RMS hand c o n t r o l l e r s  w i t h  Space 
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S t a t i o n  body ax i s  system coinmands. When the range reached about 25 f t ,  the 
Space S t a t i o n  DAP was put  i n  f r e e  d r i f t .  The opera tor  then se lected the  RMS end 
e f fec to r  mode t o  perform t h e  capture and t h e  runs were terminated. The end 
e f f e c t o r  mode provided hand c o n t r o l l e r  comnands r e l a t i v e  t o  the  end e f f e c t o r .  
The range a t  capture was genera l ly  about 20 f t .  The opera tor  genera l l y  used a 
s i n g l e  j o i n t  command mode t h a t  was ava i l ab le ,  on l y  when i t  was necessary t o  
move o u t  o f  a j o i n t  l i m i t ,  RMS reach l i m i t ,  o r  s i n g u l a r i t y .  The a c t i v i t y  
t i m e l i n e  i s  shown i n  t a b l e  1 f o r  both  the  O r b i t e r  and t h e  Space Sta t ion .  
O r b i t e r  R C S  j e t  f i r i n g  data showed from 15 t o  26 f i r i n g s  i n  t h e  O r b i t a r  
X - d i r e c t i o n  and about 1 t o  3 f i r i n g s  i n  t h e  Z -d i rec t i on .  The 2 - d i r e c t i o n  i s  
t oward  t h e  Space S ta t i on  and the  X -d i rec t i on  i s  i n  t h e  r a d i a l  d i r e c t i o n .  The 
X - j e t  f i r i n g s  r e f l e c t  t he  adjustment i n  o r b i t  due t o  o r b i t  mechanics necessary 
t o  p r i m a r i l y  c o n t r o l  t he  c losu re  ra te  and reboost. 
GRAPPLE FIXTURE LOCATIONS 
Three l o c a t i o n s  ( f i g u r e s  6, 7, and 8 )  o f  t he  grapp le  f i x t u r e  were s tud ied:  
L o c a t i o n  1 -- a f t  i n  cargo bay along the  c e n t e r l i n e  fac ing the p o r t  s ide;  
Locat ion 2 - forward i n  cargo bay attached t o  a longeron fac ing  s ta rboard  s ide;  
and L o c a t i o n  3 - forward i n  t h e  cargo bay at tached t o  the  docking post  support  
fac ing  the  p o r t  s ide  and i n c l i n e d  45 degrees. 
L o c a t i o n  1 was chosen t o  requi re lower torques a t  capture due t o  smal ler  
c e n t e r  o f  g r a v i t y  o f f s e t  f r o m  t h a t  o f  t h e  Orb i te r .  Th is  l o c a t i o n  a l so  o f f e r e d  
good c learance f o r  c o l l i s i o n  avoidance. However, t he  manipulator reach was 
found t o  be i n s u f f i c i e n t ,  and the ber th ing  was found t o  be impossible a f t e r  the  
capture due t o  i n s u f f i c i e n t  leng th  o f  t he  arm. 
Locat ion  2 was found t o  be reachable w i t h  the  Space S ta t i on  manipulator  i n  
a 1  1 runs made. Furthermore, the  manipulator d i d  n o t  exhi  b i t  being near  any 
reach l i m i t s  du r ing  the  t rack  and capture procedur2s. However, c o l l i s i o n s  w i t h  
t h e  base p l a t e  and docking p o r t  were encountered du r ing  capture. Higher 
torques were requ i red  a t  capture due t o  the  l a r g e r  C.g. o f f s e t  o f  36 f t. vs. 13  
ft. of Locat ion 1. 
L o c a t i o n  3 a t  t h e  t ime  of t h i s  w r i t i n g  has been proposed f o r  eva lua t i on  
b u t  has  n o t  been t h e  s u b j e c t  o f  a s u b s t a n t i v e  number o f  runs .  I t s  
con f i gu ra t i on  i s  expected t o  r e l i e v e  some of the  c o l l i s i o n  problems between the  
manipulator  and the  docking p o r t  tunnel. 
CRT DISPLAYS FOR CONTROL INPUTS 
An e a r l y  r e s u l t  of t h i s  study found a c o n f l i c t  between the  need o f  t h e  
opera tor  t o  look a t  t h e  CCTV monitor a c t i v i t y  and t h e  necess i ty  o f  h i s / h e r  
h a v i n g  t o  look a t  t he  CRT's i n  order t o  l oca te  a " s o f t  swi tch"  on a CRT. This 
r e d i r e c t i o n  o f  a t t e n t i o n  away f r o m  the CCTV moni tor  and t h e  subsequent reo r ien -  
t a t i o n  t ime  when the  operator  again looked a t  t h e  mon i to r  was found t o  h a w  a 
n e g a t i v e  e f fec t  on the  performance of  the  t rack  and capture procedure. Whi le 
dedicated switches are admi t ted ly  expensive, they do a1 low t a c t i l e  o r i e n t a t i o n  
t h r o u g h  t h e  opera tar ' s  hand t h a t  can be done w i thou t  necessar i l y  r e q u i r i n g  t h e  
opera tor  t o  look a t  the  switch. 
CCTV LOCATIONS 
Tantamount t o  a safe execut ion o f  the  t r a c k  and capture of one o r b i t i n g  
s p a c e c r a f t  by another, i s  p rov id ing  a c l e a r  v iew of t h e  workspace t o  the  
opera tor  o f  t he  te lemanipulator .  Such a view can be prov ided on ly  through 
m u l t i p l e  CCTV l oca t i ons  t h a t  1) provide an unobstructed view of the  O r b i t e r  and 
Space S t a t i o n  modules w i thout  in te r fe rence f r o m  t h e  t r u s s  s t ruc tu re ,  and 2 )  
prov ide  a view o f  t he  O r b i t e r  cargo bay and grapp le  f i x t u r e .  C o n t i n u i t y  o f  
t h i s  s e t  o f  views over the  e n t i r e  t rack  and capture process requ i red  t h a t  t he  
CCTV cameras be panned and t i l t e d  p e r i o d i c a l l y  du r ing  the  t r a j e c t o r y .  
M i n i m i z a t i o n  o f  t h i s  CCTV camera movement was fac to red  i n t o  the  s e l e c t i o n  o f  
t he  base l ine  se t  D f  camera l o c a t i o n  ( f i g u r e  9) .  These l o c a t i o n s  have been used 
i n  a l l  r u n s  executed t o  date. Camera D provides t h e  best cues f o r  r e l a t i v e  
d is tance between the  O r b i t e r  and the RMS and camera A gave the best view of  t he  
grapple f i x t u r e  j u s t  p r i o r  t o  t he  s t a r t  o f  the t rack  and capture. 
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CONCLUDING REMARKS 
The f i r s t  man-in-the-loop, real-time Simulation of track and capture of 
the  Space Shuttle Orbiter using the manipula tor  o f  the Space S t a t i o n  has 
completed i t s  f i r s t  phase. Results indicate t h a t  the procedure is  feasible  
operationally,  b u t  t h a t  the grapple f ixture  location has an effect  on the 
Funct ional i ty  of the manipulator reach geometry and the l o a d i n g  placed on the 
manipulator a f t e r  capture. CCTV camera locations shou ld  be carefully selected 
i n  order t o  provide favorable operator viewing o f  the manipulator and  
contacting surfaces. 
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